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ABSTRACT 


A  10.6-pm  wavelength  Ildar  was  operated  by  the  U.S,  Army  Atmospheric 
Sciences  Laboratory  and  a  0.7-pm  wavelength  lidar  (Mark  XX)  was  operated 
by  SRI  International  to  observe  smoke  and  dust  clouds  generated  during 
Smoke  Week  II  at  Eglin  AFB  from  6  through  16  November  1978. 

The  Ildars  observed  cloud  backscatter  along  horizontal  paths  that 
were  nearly  coincident  with -those  observed  by  visible  and  infrared  trans- 
missometers  operated  by  the  Dugway  Proving  Ground.  The  lidar  observed 
paths  were  terminated  with  a  passive  reflector  so  that  time-dependent 
transmission  over  the  lidar-to-target  path  could  be  evaluated  from  lidar 
observed  target  returns.  Backscatter  signatures  for  both  Ildars  were 
digitized  and  recorded  on  magnetic  tape  using  the  Mark  IX  lidar  data 
processing  system. 

Recorded  lidar  data  were  used  to  generate  intensity-modulated  TV 
displays  depicting  cloud  structure  along  lidar  observed  paths  as  a  func¬ 
tion  of  time.  These  displays  were  used  to  choose  sixteen  Smoke  Week  II 
trials  for  quantitative  analysis  in  terms  of  cloud  attenuation  and  path- 
integrated  backscatter. 

Transmissions  derived  from  lidar  target  returns  agreed  very  well 
with  transmissometer  records,  except  for  phosphorus  events  for  which  the 
lidar  values  were  greater  by  as  much  as  an  order  of  magnitude.  This 
discrepancy  can  be  explained  because  the  transmissometer  paths  were 
nearer  to  the  surface  than  the  lidar  paths  and  other  observations  indi¬ 
cated  that  phosphorus  clouds  greatly  decrease  in  optical  density  in  the 
vertical. 

Relationships  between  path-integrated  backscatter  and  optical  depth 
were  investigated  as  possible  means  of  developing  a  technique  for  evalua¬ 
tion  of  optical  density  for  slant  paths  through  aerosol  clouds  at  various 
downwind  distances  from  the  source.  Plots  of  integrated  backscatter  as 
a  function  of  optical  depth  showed  a  large  degree  of  scatter  and  indicated 
nonlinear  relationships.  The  most  scatter  and  nonlinear  behavior  were 
observed  for  oil  fog  followed  by  phosphorus  and  HC  smoke,  while  the  least 
scatter  and  most  linear  results  were  obtained  for  dust  and  experimental 
particle  clouds.  Nonlinear  expressions  were  evaluated  for  data  from 
several  trials  and  thesa  were  used  along  with  lidar  observed  backscatter 
to  compute  time-dependent  transmission  functions.  These  results  relate 
fairly  well  with  Dugway  transmission  records,  indicating  that  single- 
ended  lidat  observations  can  be  used  to  estimate  path-integrated  cloud 
optical  density. 

Two-wavelength  lidar  results  for  different  aerosol  types  were 
consistent  with  previously  observed  results.  Attenuation  and  backscatter 
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were  greater  at  the  visible  wavelength  than  at  the  infrared  wavelength 
for  HC  and  phosphorus  smoke  clouds  but  nearly  equal  to  infrared  values 
for  dust  clouds.  For  experimental  particle  clouds,  the  attenuation  was 
nearly  equal  at  the  two  wavelengths,  but  larger  backscatter  was  observed 
at  the  infrared  wavelength.  For  oil  fog  the  attenuation  was  much  greater 
at  the  visible  wavelength,  while  backscatter  waa  about  equal  at  the  two 
wavelengths. 
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I  BACKGROUND 


Tile  unique  capabilities  of  the  lidar  technique  for  observation  of 
the  atmosphere  over  remote  distances  has  been  well  documented  (Collis  and 
Russell,  1976).  The  use  of  lidar  to  quantitatively  describe  aerosol, 
cloud,  and  precipitation  distributions  has  been  discussed  by  Uthe  (1978). 
For  example.  Figure  1  presents  a  lidar-derived  vertical  cross  section 
through  a  smoke  plume  that  provides  information  on  plume  location,  dimen¬ 
sion,  and  relative  particulate  density  distributions.  However,  the 
remote  evaluation  of  absolute  optical  and  physical  density  of  an  atmo¬ 
spheric  scattering  volume  by  use  of  lidar  is  normally  limited  to  only 
special  cases,  and  the  accuracy  of  derived  density  values  typically 
depends  on  the  .appropriateness  of  assumptions  needed  for  various  solution 
techniques.  Although  unique  density  values  cannot  be  obtained  in  most 
cases  because  of  uncertainties  In  particle  characteristics  (.size,  shape, 
and  composition),  the  lidar  may  provide  better  estimates  of  density  than 
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FIGURE  1  EXAMPLE  OF  COMPUTER-GENERATED  VERTICAL  PLUME  DENSITY  PROFILES 

Lidar  is  located  at  lower  left  corner.  The  height  and  distance  scale  is  75  m/div. 

Plume  vertical  concentrations  (relative  to  clear  air  with  a  scale  of  10  dB/div)  are 
p'otted  at  the  lower  left  and  the  horizontal  position  associated  with  each  profile 
is  plotted  in  the  upper  right. 
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by  using  in  situ  sampling  methods  when  evaluations  are  made  over  extended 
atmospheric  paths  or  volumes,  as  in  the  case  of  cross-plume  integrated 
density  for  the  plume  shown  in  Figure  1.  This  is  especially  true  for 
aerosol  clouds  that  have  large  spatial  and  temporal  variability.  The 
recent  development  and  use  of  digital  data  collection  systems  capable  of 
processing  the  large  data  bases  that  can  be  produced  by  the  lidar  tech¬ 
nique  encourage  reexamination  of  the  possibility  of  useful  quantitative 
density  evaluations  over  remote  areas. 

SRI  International  (SRI)  was  awarded  a  project  by  the  Army  Research 
Office  (ARO)  to  develop  and  evaluate  digital  lidar  techniques  for  the 
remote  evaluation  of  optical  and  physical  densities  of  aerosol,  cloud, 
and  precipitation.  Soon  after  this  award,  several  Army  development  groups 
asked  to  have  this  program  directed  primarily  towards  the  evaluation  of 
lidar  for  remote  observation  of  dense  smoke  and  dust  clouds  used  for 
obscurant  purposes.  The  dense  aerosol  cloud  problem  was  particularly 
challenging  because  of  large  attenuation  and  multiple-scattering  effects. 
Also,  the  study  of  these  clouds  was  appealing  because  scheduled  experi¬ 
ments  would  provide  extensive  measurements  of  particle  characterization 
and  aerosol  density  for  input  to  lidar  signature  analysis  and  for  evalua¬ 
tion  of  lidar  derived  quantities.  Transmissometer  techniques  were  being 
used  to  evaluate  cloud  density  along  near-surface  horizontal  paths,  but 
no  technique  was  available  for  evaluating  three-dimensional  density  dis¬ 
tributions.  Therefore,  the  successful  development  of  a  single-ended 
technique  for  remote  cloud  characterization  could  greatly  extend  the  data 
base  that  was  being  collected  by  the  Army. 

Consideration  of  Army  requirements  led  to  the  development  of  a  proto¬ 
type  C02  (10.6-pm  wavelength)  lidar  system.  The  system  was  interfaced 
with  the  SRI  Mark  IX  lidar  (0.7-pm  wavelength)  digital  data  system  so 
that  two-wavelength  observations  could  be  conducted  in  a  near  optimum 
manner,  e.g.,  over  nearly  equal  observational  paths.  The  two-wavelength 
lidar  system  participated  in  a  series  of  smoke  tests  conducted  at  the 
Dugway  Proving  Ground  during  September  1977.  The  results  of  this  program 
were  presented  in  Technical  Report  1  (Uthe,  1978).  Basically,  it  was 
shown  that  aerosol  type  (smoke  or  dust)  strongly  affected  the  wavelength 
dependence  of  backscatter  and  attenuation  and  that  experimental  results 
were  consistent  with  previously  derived  theoretical  data. 

Based  on  the  Dugway  results,  the  U.S.  Army  Atmospheric  Sciences 
Laboratory  procured  from  SRI  an  improved  version  of  the  C02  lidar  for 
further  application  to  scheduled  smoke  and  dust  tests.  Description  of 
this  system  was  detailed  in  Technical  Report  2  issued  on  this  project 
(van  der  Laan,  1979). 

The  ASL  CO2  lidar  and  the  SRI  Mark  IX  lidar  systems  were  interfaced 
for  optimum  two-wavelength  observations  and  data  recording.  This  system 
participated  in  the  Dusty  Infrared  Test  1  (DIRT-1)  exercises  conducted 
at  White  Sands  Missile  Range  during  October  1978.  The  data  collected 
were  consistent  with  the  Dugway  results,  i.e.,  attenuation  and  backscatter 
at  0.7-  and  10.6-pm  wavelengths  were  about  equal  for  dust  aerosols  but 
much  greater  at  0.7  pm  than  at  10.6  pm  for  smoke  aerosols.  Results  of 
the  DIRT-1  tests  were  reported  in  Technical  Report  3  (van  der  Laan,  1979). 
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Tlie  interfaced  ASL  10.6-pm  wavelength  lidar  and  the  SRI  0.7-pm  wave¬ 
length  lidar  system  participated  in  the  Smoke  Week  II  experiments  conducted 
at  Eglin  AFB  during  November  1978.  A  large  data  base  on  the  transmission 
and  scattering  of  various  smoke  and  dust  aerosols  was  obtained.  A  compre¬ 
hensive  data  analysis  program  funded  jointly  by  ARO  and  ASL  was  planned  to 
demonstrate  the.  equivalence  between  lidar  and  transmissometer  derived 
transmissions.  The  program  also  evaluated  the  possibility  of  estimating 
transmission  from  lidar  backscatter  data  so  that  cloud  transmission  over 
nonhorizontal  paths  could  be  evaluated  during  future  programs.  This 
report  serves  as  a  final  report  on  this  project  and  presents  results 
obtained  from  the  Smoke  Week  II  experiments. 
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II  EQUIPMENT  AND  PROCEDURES 


The  following  descriptions  outline  the  equipment  and  procedures 
used  during  the  Smoke  Week  II  program.  Figure  2  illustrates  the  general 
experimental  configuration,  which  is  similar  to  that  used  during  the 
Dugway  and  DIRT-1  tests  reported  earlier.  The  Smoke  Week  II  lidar 
program  has  been  described  by  Randhawa  and  Ballard  (1979). 


A.  ASL  Lidar 

Specifications  for  the  ASL  10,6-pru  wavelength  lidar  system  are  given 
in  Table  1.  A  detailed  system  description  was  presented  by  van  der  Lean 
(1979).  Basically,  the  system  is  made  up  of  two  major  components:  a 
pulsed  CO2  laser  that  generates  a  very  short,  high  peak  power  infrared 
(IR)  pulse  transmission,  and  a  narrow  f ield-of-view  optical  receiver  that 
collects  the  backscattered  energy  and  directs  the  signal  to  an  IR  detec¬ 
tor.  After  detection  and  logarithmic  amplification,  the  signal  is 
digitized  by  a  high-speed  transient  recorder  that  provides  range-resolved 
backscatter  amplitude  data  output  in  both  digital  and  digitally  reconstructed 
analog  (DAC)  formats.  The  digital  output  is  primarily  intended  for  record¬ 
ing  and  processing  use  while  the  DAC  output  is  useful  in  observing  the 
real-time  backscatter  returns.  A  functional  diagram  of  the  ASL  lidar  is 
shown  in  Figure  3. 


B.  Mark  IX  Lidar 

The  Mark  IX  lidar  system  is  a  self-contained  mobile  system  operating 
at  the  ruby  wavelength  of  0.6943  pm.  Details  of  the  system  and  specifica¬ 
tions  are  shown  in  Figure  4. 

A  principal  feature  of  the  Mark  IX  system  is  its  digital  data  record¬ 
ing,  processing,  and  display  system  for  real-time  viewing  of  range-resolved 
backscatter  data  in  both  A-scope  and  range-time-intensity  (RTI)  presenta¬ 
tions.  Details  of  the  data  system  have  been  presented  by  Uthe  and  Allen 
(1975).  The  recorded  data  can  be  processed  on  the  Mark  IX  system's  com¬ 
puter  (PDP-11)  or  reformatted  for  processing  on  a  large,  more  versatile 
computer  system.  Processing  by  the  lidar  computer  is  used  for  display  of 
data  in  pictorial  TV  format  as  shown  in  Figure  1,  while  processing  by  a 
large  computer  is  used  to  take  advantage  of  more  efficient  software 
routines  applied  to  large  data  bases. 

In  addition  to  lidar  data,  the  Mark  IX  is  equipped  with  an  integrat¬ 
ing  nephelometer  that  measures  the  in  situ  aerosol  scattering  coefficient. 
These  data  are  also  recorded  on  magnetic  tape  for  post-event  analysis. 
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Table  1 


ASL  LIDAR  SPECIFICATIONS 


System  Component 

Specification 

Comments 

Transmitter 

Manufacturer 

Lumonics  Research  Ltd., 

Model  TEA-101-2 

Type 

CO2 

Wavelength 

10.6  pm 

Beam  diameter 

3.1  cm 

Beam  divergence 

1.2  mrad 

Operation 

pulsed 

Energy 

250  mJ 

No  nitrogen  gas  mix 

Pulse  width 

75  ns  (FWHM) 

PRF  (maximum) 

1  pps 

Receiver 

Telescope 

12-inch  (30  cm), 

LDV  primary 

Newtonian 

Field  of  view 

1.23  mrad 

Detector 

Honeywell  Associates; 

HgCdTe  photodiode; 

D*  =  1.3  x  1010  cmHz^-1; 

LN2~cooled 

100  MHz  BW 

Postamplifier 

Linear:  26  dB  gain, 

100  MHz  BW 

van  der  Laan  (1979) 

Log:  tangential 
sensitivity  -111  dBr; 

±0.5  dB  linearity  over 

80-dB  range;  15-ns  rise 
time 

van  der  Laan  (197S) 

C.  Two-Wavelength  Lidar  Interface 

The  ASL  llder  system  was  not  equipped  with  a  recording  capability, 
as  its  associated  computer  van  was  being  utilized  on  other  ASL  programs.* 
To  provide  a  processing  capability  during  the  Smoke  Week  II  program,  the 
ASL  lidar  backscatter  data  were  recorded  on  the  Mark  IX  lidar  data  system 
on  an  alternate  record  basis  with  backscatter  signatures  produced  by  the 


*A  dedicated  data  system  has  recently  been  added  to  the  ASL  lidar  system. 
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FIGURE  3  ASL  LIDAR  FUNCTIONAL  DIAGRAM 
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FIGURE  4  THE  SRI  MARK  IX  MOBILE  LIDAR  SYSTEM 


Mark  IX  lidar.  The  block  diagram  shown  in  Figure  5  details  the  interface 
connections.  The  ASL  lidar  control  unit  provided  the  lidar  firing  rates 
while  interface  control  signals  were  developed  by  a  two-lidar  interface 
unit.  Basically,  an  ASL  lidar  control  signal  (pre-trigger  pulse)  was 
sent  to  the  lidar  interface  unit  located  in  the  Mark  IX  lidar  van;  here 
control  signals  were  generated  to  prepare  the  data  system  to  accept  ASL 
lidar  backscatter  data.  When  the  ASL  lidar  "fired"  it  sent  a  "laser  has 
fired"  pulse  to  the  Mark  IX  transient  recorder,  and  a  10.6-pm  (ASL  lidar) 
backscatter  record  was  digitized  and  recorded  on  nine-track  tape.  The 
lidar  interface  unit  then  generated  a  second  set  of  control  signals  that 
prepared  the  data  system  to  accept  a  0.7-pm  (Mark  IX)  backscatter  record 
and  also  sent  a  fire  pulse  to  the  Mark  IX  ruby  fire-control  electronics. 
When  the  ruby  laser  fired,  a  0,7-ym  backscatter  record  was  digitized  and 
recorded.  This  sequence  of  events  was  repeated  for  each  control  signal 
from  the  ASL  lidar.  For  the  Smoke  Week  II  program  the  firing  rate  was 
set  for  1-second  intervals. 


D.  Operating  Procedure 

The  general  lidar  operating  procedure  used  during  the  Smoke  Week  II 
program  was  to  begin  lidar  operation  prior  to  an  event  in  order  to  record 
a  sufficient  amount  of  pre-event  data  to  establish  reference  conditions 
for  backscatter  and  transmission  analysis.  Operation  would  continue 
through  the  event  and  until  backscatter  conditions  regained  the  pre-event 
values,  or  when  lidar  operation  was  stopped  for  safety  reasons.  Prior  to 
or  following  the  scheduled  events  for  a  day,  the  Mark  IX  lidar  would  per¬ 
form  and  record  a  standard  system  calibration  using  calibrated  optical 
attenuators.  The  Mark  IX  receiver  gain  control  gates  were  checked  as 
part  of  this  calibration  procedure.  The  ASL  lidar  performed  a  similar 
calibration  but  used  layers  of  low-density  polyethylene  sheets  placed  in 
the  transmit  beam  to  reduce  the  received  reference  signal  return.  By 
inserting  multiple  layers  of  polyethylene  in  equal  amounts  per  step,  a 
receiver  linearity  and  dynamic  range  calibration  was  made  by  comparing 
the  changes  with  calibrated  electrical  attenuations.  The  calibration 
example  shown  in  Figure  6  is  a  typical  calibration  recorded  on  a  strip 
chart.  The  calibration  was  also  digitally  recorded  on  magnetic  tape. 

The  electrical  calibration  on  the  left  was  performed  by  inserting  elec¬ 
trical  step  attenuators  between  the  receiver  detector  and  post-detector 
electronics,  while  the  attenuation  steps  on  the  right  were  produced  by 
the  transmit  beam  attenuation  method.  Since  the  electrical  calibration 
can  be  performed  very  easily,  a  calibration  was  generally  recorded  either 
before  or  after  each  event  when  the  reference  signal  represented  clear- 
air  conditions.  Calibration  data  were  used  to  derive  response  functions 
for  each  lidar  (e.g.,  detector  output  as  a  function  of  light  input). 
Response  functions  used  for  the  visible  and  infrared  lidar  systems  are 
shown  in  Figure  7.  Signature  analysis  of  cloud  backscatter  and  target 
returns  is  discussed  in  Section  VI. 
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FIGURE  7  LIOAR  CALIBRATION  USED  FOR  ANALYSIS  OF  SMOKE  WEEK  II  DATA 
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III  EXPERIMENTAL  DATA 


The  two-wavelength  ASL/SRI  Ildar  system  was  used  to  collect  back- 
scatter  and  transmission  data  during  the  Smoke  Week  II  experiments  con¬ 
ducted  from  6  through  16  November  1978  at  Eglin  Air  Force  Base.  All 
observations  were  made  for  horizontal  paths  that  nearly  coincided  with 
paths  viewed  by  visible  and  infrared  transmissometers  operated  by  the 
Dugway  Proving  Ground.  Figure  8  presents  information  on  the  location  of 
ASL,  DPG,  and  SRI  optical  sensors  as  compiled  from  data  presented  by 
Bowman  et  al,  (1979). 

Table  2  presents  information  for  the  smoke/dust  trials  observed  by 
the  two-wavelength  lidar  system  and  discussed  in  this  report.  Informa¬ 
tion  on  the  method  of  smoke/dust  generation  is  not  presented  in  this 
report  but  is  discussed  in  a  CONFIDENTIAL  report  by  Bowman  et  al.  (1979). 

Backscatter  signatures  produced  by  the  SRI  lidar  (0.7-pm  wavelength) 
and  the  ASL  lidar  (10.6-pm  wavelength)  were  digitized  and  written  on 
nine-track  magnetic  tapes  using  the  digital  data  system  of  the  SRI  lidar. 
These  digital  records  and  the  lidar  calibration  data  (Figure  7)  form  the 
basis  for  producing  the  experimental  results  presented  in  the  following 
sections  of  this  report. 
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LIDAft  TABLET 


ITEM 

M 

V 

1 

ASL  Ildar 

806.09 

-14.91 

3.99 

SRI  Ildar 

806.40 

-4.63 

4.33 

Lidir  tirgtt 

0.00 

-3.49 

3.76 

ASL  redactor 

687.87 

-11.46 

2.46 

DPG  viaibla  trenamittar 

3.04 

-4.94 

1.84 

DPG  viaibla  reealvor 

804.39 

-4.98 

2.13 

DPG  9. 78  «m  trenamittar 

3.08 

-3.89 

1.93 

DPG  9.78  tim  raeaivar 

804.37 

-4  38 

2.13 

FIGURE  8  LOCATION  OF  ASL,  DPG,  AND  SRI  LIDAR 

AND  TRANSMISSOMETER  INSTRUMENTATION 
DURING  SMOKE  WEEK  II 


Table  2 


SMOKE  WEEK  II  EVENTS  OBSERVED 
BY  THE  TWO-WAVELENGTH  LIDAR  SYSTEM 
(NOVEMBER  1978) 


Trial 

Date 

Time 

Type 

1 

6 

0945 

HC 

3* 

6 

1228 

P 

22* 

6 

1541 

VEH 

2* 

8 

0905 

P 

6* 

8 

1204 

Ex 

4* 

8 

1322 

Ex 

5* 

8 

1428 

.  Ex 

11 

9 

1422 

Ex 

12 

10 

0930 

Ex 

8B 

10 

1354 

P 

7* 

10 

1505 

P 

0 

10 

1626 

WP 

10 

11 

1105 

Ex 

13* 

11 

1231 

P 

23* 

11 

1401 

HE 

14 

13 

0914 

HULK 

17* 

13 

1315 

HC 

15 

13 

1418 

P 

18 

14 

0947 

P 

19 

14 

1117 

P 

20* 

14 

1307 

P 

30 

14 

1453 

HE 

23R* 

15 

0931 

HE 

21R* 

15 

1004 

Fog  oil 

24* 

15 

1059 

P 

27* 

15 

1246 

VEH 

26* 

15 

1505 

HE 

25 

15 

1600 

HULK 

28 

16 

1003 

P 

29 

16 

1124 

HE 

Ex  “  Experimental,  VEH  =  Vehicle  dust, 

HE  =  High  explosive  dust,  P  =  Phosphorus 

HULK  =  Burning  vehicle  hulk,  WP  =  White  phosphorus 

*Trial  selected  for  analysis  in  this  study. 
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IV  AEROSOL  DISTRIBUTIONS 


Using  the  SRI  Mark  IX  lidar  data  system,  the  nine-track  magnetic 
tape  records  of  two-wavelength  lidar  signatures  were  processed  for 
range/time  intensity-modulated  TV  displays  depicting  aerosol  distributions 
along  the  lldar-to-target  path.  Results  for  each  trial  (Table  2)  are 
presented  in  Figure  9.  The  infrared  data  are  displayed  below  the  visible 
data  and  features  such  as  target,  reflector  (I.R  only),  and  aerosol  cloud 
returns  are  indicated.  Picture  brightness  is  proportional  to  the  loga¬ 
rithm  of  lidar  observed  light  intensity. 

Range-gated  attenuating  filters  were  available  on  the  visible  lidar 
and  these  were  sometimes  used  to  avoid  saturation  of  target  and  dense 
aerosol  cloud  returns.  This  explains  rapid  changes  in  target  brightness 
apparent  in  Figure  9. 

The  presentations  shown  in  Figure  9  provide  quantitative  information 
on  cloud  location  and  dimension  along  the  instrumented  path  (Figure  2) 
as  a  function  of  time  after  cloud  generation.  On  several  occasions, 
interference  dust  resulting  from  tank  operations  near  the  target  was 
observed  along  the  instrumented  path,  e.g..  Trials  1,  14,  and  23.  Back- 
scatter  from  the  clear  air  was  generally  observed  at  0.7-pm  but  not  at 
10.6-pm.*  The  picture  displays  generally  indicate  equivalence  between 
cloud  backscatter  observed  at  0.7-  and  10.6-pm  wavelengths.  The  back- 
scatter  generally  appears  greater  at  the  0.7-pm  wavelength  although 
several  trials  produced  greater  backscatter  at  the  10.6-pm  wavelength, 
e.g.,  Trials  12,  10,  23,  30,  and  29.  Visible  energy  can  be  greatly 
attenuated  by  the  cloud  while  the  infrared  attenuation  may  be  somewhat 
less,  so  that  cloud  structure  observed  by  the  two  lidar  systems  can  be 
different  as  shown  by  Figure  9  for  Trials  17  and  19.  The  brightness  of 
the  target  return  (accounting  for  attenuating  filters)  provides  a  quali¬ 
tative  indication  of  attenuation  of  the  laser  energy  by  the  cloud. 

Larger  backscatter  seems  to  be  associated  with  greater  attenuation  at 
0.7  pm,  but  this  correlation  Is  not  as  evident  at  10.6  pm. 

The  qualitative  relationships  apparent  from  Figure  9  encourage 
further  investigation  to  derive  quantitative  relationships  between  back¬ 
scatter  and  attenuation.  Such  relationships  may  provide  the  means  of 
readily  making  transmission  measurements  along  a  variety  of  nonhorizontal 
paths  through  the  cloud  using  single-ended  lidar  techniques. 


*The  10.6-pm  lidar  detector  was  damaged  prior  to  the  first  trial  and  was 
operating  at  about  15  dB  reduction  in  sensitivity.  Clear-air  returns 
were  observed  with  the  10.6-pm  ASL  lidar  during  the  DIRT-1  tests 
(van  der  Laan,  1979). 
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FIGURE  9  RANGE/TIME  INTENSITY-MODULATED  DISPLAYS  DEPICTING  LIDAR-OBSERVED  STRUCTURE 
ALONG  INSTRUMENTED  PATH  OF  SMOKE  WEEK  II  AEROSOL  CLOUDS  (Continued) 

Upper  record  is  SRI  0. 7-fim  wavelength  lidar;  lower  record  is  ASL  10.6-pm  wavelength  lidar. 

T  =  Target;  C  =  Cloud;  R  =  Retroreflector  (IR  only). 
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FIGURE  9  RANGE/TIME  INTENSITY-MODULATED  DISPLAYS  DEPICTING  LIDAR-OBSERVED  STRUCTURE 
ALONG  INSTRUMENTED  PATH  OF  SMOKE  WEEK  II  AEROSOL  CLOUDS  (Continued) 
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FIGURE  9  RANGE/TIME  INTENSITY-MODULATED  DISPLAYS  DEPICTING  LIDAR-OBSERVED  STRUCTURE 
ALONG  INSTRUMENTED  PATH  OF  SMOKE  WEEK  II  AEROSOL  (Concluded) 

Upper  record  is  SRI  0. 7-pm  wavelength  lidar;  lower  record  is  ASL  10.6-pm  wavelength  lidar. 

T  =  Target;  C  =  Cloud;  R  =  Retroreflector  (IR  only). 


Integrated  backseat  ter  along  the  path  viewed  by  the  lidar  has  been 
shown  to  be  well  correlated  with  transmission  for  low  density  aerosols 
(Uthe,  1978).  However,  for  the  high-density  aerosol  clouds  viewed  on 
this  project,  large  attenuation  and  multiple  scattering  significantly 
affect  the  possibility  of  deriving  transmission  data  from  backscatter 
measurements.  Moreover,  the  particle  size  distributions  of  the  aerosol 
clouds  observed  at  Smoke  Week  II  probably  varied  greatly  with  time  and 
space,  further  adding  to  the  difficulty  of  deriving  cloud  density 
information  from  the  lidar  signature  data.  Nevertheless,  lidar  provides 
a  promising  means  of  remotely  evaluating  cloud  optical  and  physical 
densities,  especially  in  the  vertical.  This  possibility  is  further 
investigated  in  the  following  sections  of  this  report. 
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V  BACKSCATTER  SIGNATURES 


The  n+.ie-track  magnetic  tape  records  of  two-wavelength  lidar  obser¬ 
vations  made  during  Smoke  Week  II  were  reformatted  for  analysis  by  a 
larger  computer  system  (CDC  6400)  located  at  SRI.  Figure  10  illustrates 
typical  lidar  waveforms  recorded  during  Trial  7  as  produced  by  the  CDC 
computer  plotting  facility.  The  signatures  recorded  at  60  seconds  (s) 
after  the  event  start  time  (t0)  are  for  a  relatively  dense  aerosol  cloud 
as  viewed  by  the  visible  lidar  system.  Because  of  strong  attenuation  by 
the  cloud,  the  target  return  is  absent  and  the  backside  of  the  cloud  is 
not  observed.  Because  of  less  attenuation  at  the  infrared  wavelength, 
the  infrared  signature  shows  that  the  cloud  is  of  greater  dimensions  than 
interpreted  from  the  visible  signature. 

At  t  +  70  s,  the  target  is  observed  by  the  visible  wavelength  sys¬ 
tem,  but  the  cloud  backscatter  distribution  is  very  similar  to  that  ob¬ 
served  at  tQ  +  60  s  when  no  target  was  observed.  This  is  explained  by 
the  infrared  signature  that  shows  the  cloud  had  smaller  dimensions  along 
the  path  at  this  time.  At  t0  +  80  s,  a  larger  target  return  is  seen  by 
the  visible  system,  although  a  greater  cloud  return  is  observed.  Clearly, 
for  dense  clouds  a  nonlinear  (and  probably  nonunique)  relation  exists 
between  path- integrated  backscatter  and  transmission  at  the  visible  wave¬ 
length.  This  again  is  obvious  from  the  backscatter  signatures  recorded 
near  tu  +  12  min  (Figure  10b). 

At  tQ  +  17  min  (Figure  10c),  the  cloud  was  of  relatively  low  density, 
as  indicated  by  the  little  backscatter  from  the  cloud  observed  by  the 
infrared  system  and  clear  air  returns  observed  on  the  backside  of  the 
cloud  by  the  visible  system.  In  this  case,  the  transmission  of  the  cloud 
in  the  visible  can  be  computed  from  the  clear-air  returns  before  and  after 
the  cloud  return.  Although  relatively  high  transmissions  occur,  the  area 
under  the  cloud  return  in  the  visible  appears  greater  than  for  the  dense 
cloud  cases  (e.g.,  at  tQ  +60  s).  This  data  example  clearly  illustrates 
the  usefulness  of  two-wavelength  data  for  interpretation  of  lidar  signa¬ 
tures. 

Earlier  results  (Uthe,  1978)  indicated  that  the  visible  lidar  system 
was  more  sensitive  than  the  infrared  lidar  system  to  smoke  clouds,  while 
the  infrared  system  was  more  sensitive  to  detection  of  dust  clouds. 
Transmission  reduction  was  greater  at  the  visible  wavelength  than  at  the 
infrared  wavelength  for  smoke  particles,  but  similar  for  dust  particles. 
Trial  7  data  presented  above  for  a  smoke  cloud  also  show  visible  lidar 
backscatter  and  transmission  are  more  affected  by  the  cloud  than  the 
infrared  quantities  and  are  consistent  with  the  earlier  results. 
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The  backscatter  signatures  presented  In  Figure  11  were  recorded 
during  a  vehicular  dust  experiment  (Trial  27).  The  dust-to-clear-alr 
backscatter  ratio  Is  greater  at  the  Infrared  rather  than  at  the  visible 
wavelength.  This  results  primarily  because  of  the  low  clear-air  back¬ 
scatter  at  Infrared  wavelengths.  In  addition,  the  dust  cloud  causes 
about  equal  reduction  of  the  visible  and  infrared  target  returns,  indi¬ 
cating  nearly  equal  transmissions  at  the  two  wavelengths,  again  consis¬ 
tent  with  earlier  reported  results.  These  results  show  that  multiple- 
wavelength  lida,.  observations  can  provide  some  information  on  the  type 
of  aerosol  cloud  observed. 


FIGURE  1 1  VISIBLE  ANO  INFRARED  BACKSCATTER  SIGNATURES  RECORDED  DURING  TRIAL  27 
OF  SMOKE  WEEK  II  (VEHICULAR  DUST  EXPERIMENT) 

Solid  line  is  visible  (0.7  fiml;  dotted  line  is  infrared  (10.6  Jim). 


VI  SIGNATURE  ANALYSIS  APPROACH 


The  objective  of  this  research  project  was  to  explore  lidar  techniques 
for  the  remote  quantitative  evaluation  of  dense  aerosol  clouds.  The 
qualitative  results  presented  in  the  earlier  sections  of  this  report 
indicate  that  relationships  may  exist  between  path-integrated  backscatter 
and  transmission  of  laser  energy  through  the  cloud.  However,  it  was  also 
shown  that  for  dense  aerosol  clouds  the  path-integrated  backscatter  may 
not  be  uniquely  related  to  transmission — especially  at  the  visible  wave¬ 
length  where  attenuation  and  multiple  scattering  effects  are  the  greatest. 
Also  indicated  was  that  lidar  operation  at  more  than  one  wavelength  should 
provide  improved  information  on  cloud  densities  over  that  derived  from 
single-wavelength  lidar. 

Previous  results  indicated  that  the  magnitude  of  the  target  return 
observed  by  the  lidar  is  an  excellent  indication  of  transmission  of  the 
laser  pulse  along  the  path  from  the  lidar  to  the  target  (Uthe,  1978),  At 
Smoke  Week  II,  the  lidar  observation  paths  were  near  but  did  not  coincide 
vith  the  Dugway  transmissorneter  paths  as  shown  in  Figure  8.  Because  of 
large  spatial  and  temporal  variability  of  the  generated  particulate  clouds, 
transmissions  derived  by  the  lidars  and  the  transmissometers  cannot  be 
expected  to  be  equal  at  all  times.  Therefore,  exploration  of  relation¬ 
ships  between  lidar-observed  backscatter  from  the  cloud  and  transmission 
is  best  accomplished  by  using  lidar-derived  transmissions,  providing  that 
valid  transmissions  can  be  derived  from  the  lidar  signature.  The  first 
objective  of  this  study  was  to  demonstrate  that  transmissions  derived 
from  lidar-observed  target  returns  are  in  agreement  with  transmissions 
derived  by  the  Dugway  two-ended  transmissometers.  The  second  objective 
was  to  use  the  lidar-derived  transmissions  to  determine  relationships 
between  lidar-observed  backscatter  from  dense  aerosol  clouds  and  trans¬ 
mission  through  the  clouds ,  and  in  turn  to  develop  a  technique  for 
estimating  transmission  over  slant  and  vertical  paths  through  dense  clouds 
in  future  experiments. 

Sixteen  Smoke  Wee k  II  trials  were  selected  for  signature  analysis  on 
the  basis  of  data  quality  as  indicated  by  the  gray-scale  presentations  of 
Figure  9.  The  sixteen  trials  selected  for  analysis  are  indicated  in 
Table  2.  The  backscatter  signatures  for  these  trials  were  corrected  for 
receiver  nonlinearities  (Figure  7)  and  resulting  logrithmic  values  of 
light  input  were  corrected  for  the  inverse-range  squared  factor  and 
linearized  for  further  processing  in  terms  of  transmission  end  integrated 
backscatter. 

For  each  trial  selected  for  analysis,  the  transmission  as  a  function 
of  time  relative  to  the  start  of  the  smoke/dust  event  (tc)  was  computed 
from  the  lidar-observed  target  returns.  Transmissions  were  computed  at 
both  0.7-  and  10.6-ym  wavelengths  using  the  relations: 
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where 


<V*to> 


T  •  transmission  at  time  t, 

Rt  ■  target  return  (linear  form) , 

Rt  ■  target  return  during  "clear-air"  conditions, 
o 

Visible  and  Infrared  transmissometer  data  presented  in  graphical  form  by 
Dugway  Proving  Ground  (Gooley  and  Smellers,  1978)  were  digitized  using  a 
curve-following  technique.  The  Ildar  and  transmissometer  transmission 
values  were  used  to  generate  the  following  data  plots: 

(a)  Lidar-derived  transmissions  at  0.7-  and  10.6-vim  wavelengths  as 

a  function  of  time  relative  to  the  start  of  the  smoke/dust  event. 

(b)  Lidar-  and  transmisaometer-derived  transmissions  at  0.7-tim 
wavelength  as  a  function  of  time  relative  to  the  start  of  the 
smoke /dust  event. 

(c)  Lidar-  and  transmissometer-derived  transmissions  at  10.6-ym 
wavelength  as  a  function  of  time  relative  to  the  start  of  the 
smoke/dust  event. 

The  lidar  backacatter  signatures  were  corrected  for  receiver  response 
using  the  relationships  shown  in  Figure  7.  Resulting  signatures  were 
corrected  for  the  inverse-range- squared  factor  and  normalized  to  signal 
levels  observed  before  the  laser  pulse  entered  the  particulate  cloud: 

S(R)  -  10  log  , 

P  R 
o  o 

where  P  is  the  clear-air  lidar  return  at  range  R  on  the  near  side  of 
the  cloud  return.  The  signature  values  were  then°linearized  by  the 
expression 


-  1 


> 


and  then  path-integrated  over  the  range  interval  for  which  cloud  returns 
were  observed 


B 


f  SL(R)dR 
J cloud 
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These  path- Integrated  backscatter  values  B  and  the  lidar-der Ived  optical 
depths  u  «  -In  T  were  plotted  in  the  following  manner: 

(d)  Integrated  normalized  backscatter  at  0.7-  and  10.6-ym  wavelengths 
as  a  function  of  time  relative  to  the  start  of  the  smoke/dust 
event. 

(e)  Optical  depth  at  a  Wavelength  of  0.7-ym  as  a  function  of 
integrated  normalized  backscatter  at  a  wavelength  of  0.7  yin. 

(f)  Optical  depth  at  a  wavelength  of  10.6-ym  as  a  function  of 
integrated  normalized  backscatter  at  a  wavelength  of  10.6  yin. 

(g)  Optical  depth  at  a  wavelength  of  0.7-ym  as  a  function  of 
integrated  normalized  backscatter  at  a  wavelength  of  10.6  ym. 

The  data  plots  (a)  through  (g)  for  each  of  the  sixteen  Smoke  Week  II 
trials  chosen  for  analysis  are  presented  and  discussed  in  the  following 
section. 
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VII  SIGNATURE  ANALYSIS  RESULTS 


The  type  of  data  plots  discussed  in  the  previous  section  of  this 
report  are  presented  below  for  sixteen  Smoke  Week  II  trials.  Informa¬ 
tion  on  wind  direction  and  speed  and  on  particle  size  distribution  as 
measured  by  Dugway  Proving  Ground  (Gooley  and  Smalley,  1978)  and  mean 
particle  size  measured  by  the  University  of  Tennessee  Space  Institute 
(Farmer  et  al.,  1979)  is  presented  in  Table  3  for  relating  to  the  lidar 
and  transmissometer  optical  measurements.  However,  as  shown  by  Table  3, 
significant  differences  exist  between  the  particle,  size  results  obtained 
by  the  two  measurement  groups.  Also,  movement  of  smoke/dust  clouds  was 
observed  to  deviate  from  that  expected  by  the  mean  wind  direction  (Smith 
and  Shih,  1979)  so  that  these  supplementary  data  are  of  only  limited  use 
in  the  interpretation  of  the  lidar  results. 

leble  3 

WIND  AND  PARTICLE  SIZE  INFORMATION  FROM  DUCWAY  PROVING  GROUND 
AND  MEAN  PARTICLE  SIZE  FROM  UNIVERSITY  OF  TENNESSEE  SPACE  INSTITUTE  IUTS1) 


Trial 

Type 

Wind 

Particle  Sire  (Dugway) 

Percent  in  Indicated  Size  Range — pit 

Mean 
Diameter 
(UTS I) 

tilt. 

Speed 

(ups) 

Direction 

(deg) 

0.  3-0.4 

0.4-0. 6 

0,6-0. 8 

0. 8-1.0 

1.0-1. 5 

X.  5-3.0 

2 

P 

4,3 

358 

18 

19 

18 

8 

2* 

16 

1.85 

3 

P 

3.7 

163 

23 

22 

22 

13 

16 

16 

— 

25 

18 

12 

17 

4 

— 

5 

EX 

-- 

- 

- 

- 

- 

-- 

-- 

■  ~ 

3.8 

7 

P 

2.9 

150 

49 

34 

U 

3 

2 

0 

_ 

19 

19 

21 

41 

19 

7 

— 

13 

P 

3.1 

38 

53 

35 

9 

2 

1 

0 

— 

56 

32 

8 

2 

1 

0 

— 

17 

HC 

3.2 

141 

29 

26 

20 

10 

12 

3 

... 

17 

21 

16 

11 

19 

17 

— 

20 

P 

2.5 

150 

— 

— 

— 

— 

— 

— 

— 

21R 

Oil  fog 

3.8 

134 

11 

13 

17 

13 

25 

20 

2.38 

9 

16 

17 

14 

30 

14 

— 

22 

VF.H 

4.4 

142 

13 

6 

74 

4 

1 

1 

13.8 

38 

17 

41 

4 

0 

0 

— 

23 

HE 

3.3 

007 

2 

48 

47 

1 

0 

2 

15.7 

23R 

HE 

J.O 

109 

55 

20 

23 

1 

0 

1 

12.7 

34 

23 

30 

13 

0 

0 

-- 

24 

P 

4.0 

126 

32 

27 

19 

9 

11 

1 

_ 

28 

17 

17 

in 

14 

4 

— 

26 

HE 

4.0 

178 

43 

23 

32 

l 

0 

0 

11.32 

25 

26 

46 

1 

0 

0 

— 

27 

VEH 

3.6 

114 

43 

14 

39 

4 

0 

1 

17 

30 

HE 

2.3 

170 

51 

23 

25 

1 

0 

0 

15.8 

21 

21 

34 

24 

0 

0 

— 

Optical  aeaaurenont  path  aligned  at  an  azimuth  of  67* 

Ex  -  Experimental;  VEH  •  Vehicular  duat;  HE  *  High  axploalvea;  P  *  Phoaphcrua 
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A 


Trial  2 


Plots  of  optical  data  collected  for  Trial  2  are  presented  in  Figure 
12.  This  phosphorus  cloud  greatly  reduced  transmission  of  the  visible 
laser  pulse  over  that  of  the  infrared  laser  pulse  as  shown  in  Figure  12a. 
Larger  transmissions  were  recorded  by  the  lidar  systems  than  the  trans- 
missometer  systems  at  both  visible  (Figure  12b)  and  infrared  (Figure  12c) 
wavelengths.  This  may  have  resulted  because  of  greater  smoke  concentra¬ 
tions  near  the  surface  than  at  elevated  levels,  as  has  been  noted  by 
Smith  and  Shih  (1979)  for  phosphorus  trials. 

As  shown  by  Figure  9,  the  cloud  drifted  near  the  lidar  between 
tQ  +  2  and  t0  +  11  min  so  that  sufficient  clear-air  on  the  near  side  of 
the  smoke  cloud  was  not  observed  to  compute  normalized  backscatter  rela¬ 
tive  to  clear  air  backscatter.  The  greater  extinction  and  backscatter 
observed  at  the  visible  wavelength  over  that  observed  at  the  infrared 
wavelength  indicates  small  particle  sizes — consistent  with  the  particle 
size  data  of  UTSI  (Table  3) . 

Optical  depthe  evaluated  from  the  target  returns  are  plotted  against 
integrated  backscatter  evaluated  from  the  aerosol  cloud  returns  in 
Figure  12e,  12f,  and  12g.  These  results  show  a  large  degree  of  data 
scatter,  although  a  linear  relationship  is  indicated  between  the  quanti¬ 
ties  at  10.6-pm  wavelength.  As  will  be  shown  by  other  data  presented  in 
this  section,  the  poorest  correlation  between  cloud  attenuation  and  cloud 
backscatter  was  obtained  for  the  phosphorus  and  oil  fog  events. 


B.  Trial  3 


Trial  3  was  also  a  phosphorus  event,  and  as  for  Trial  2,  the  cloud 
attenuated  the  visible  laser  pulses  significantly  more  than  the  infrared 
laser  pulses  (Figure  13a).  In  the  visible,  the  transmissometer  data  show 
greater  attenuation  than  the  lidar  data  but  not  as  large  a  difference  as 
for  Trial  2.  The  Ildar  and  transmissometer  attenuation  data  are  in 
excellent  agreement  (Figure  13c).  Because  of  the  position  of  the  lidar 
and  transmissometer  instrumentation  (Figure  8),  the  results  of  this  test 
indicate  that  cloud  inhomogeneities  in  the  vertical  introduce  greater 
differences  between  lidar  and'  transmissometer  records  than  inhomogeneities 
in  the  horizontal  direction  of  cloud  travel.  As  for  Trial  2,  the  normal¬ 
ized  backscatter  at  the  visible  wavelength  is  many  times  greater  than  in 
the  infrared.  Also,  a  large  degree  of  data  scatter  is  obtained  in  the 
plots  of  optical  depth  against  integrated  backscatter.  At  the  visible 
wavelength,  integrated  backscatter  becomes  independent  of  optical  depth 
for  optical  depth  values  greater  than  about  1.0  (transmission  of  37 
percent). 
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C.  Trial  4 


“  \ 

The  lidar  and  tran8mis some ter  attenuation  data  for  Trial  4  (Figure 
14)  are  in  good  agreement  and  both  indicate  that  this  experimental 
particle  cloud  caused  slightly  more  attenuation  at  the  visible  wave¬ 
length  than  at  the  infrared  wavelength—possibly  indicating  relatively 
small  particle  sizes.  However,  unlike  the  phosphorus  clouds  of  Trials  2 
and  3,  the  cloud  backseat  ter  is  much  greater  at  the  infrared  than  the 
visible  wavelength,  possibly  indicating  that  these  particles  greatly 
absorb  energy  in  the  visible  part  of  the  spectrum. 

The  relationship  between  optical  depth  and  backscatter  is  better 
defined  than  for  the  phosphorus  clouds  because  of  less  attenuation  in 
this  trial.  In  addition,  significantly  less  data  scatter  occurs  between 
attenuation  and  backscatter,  possibly  indicating  that  particle  sizes  were 
less  variable  during  the  observational  period  than  for  the  phosphorus 
clouds. 

Visible  integrated  backscatter  is  a  good  indicator  of  visible 
extinction  for  optical  depths  less  than  about  1.5.  Infrared  integrated 
backscatter  is  an  indicator  of  infrared  extinction  for  optical  depths 
less  than  about  0.2.  In  Figure  14g,  the  two  data  points  above  an  optical 
depth  of  2.0  are  invalid  because  the  cloud  was  viewed  by  the  visible 
lidar  but  not  by  the  infrared  lidar.  These  data  points  clearly  show  that 
cloud  inhomogeneities  can  introduce  significant  data  scatter  when  compar¬ 
ing  Smoke  Week  II  Infrared  and  visible  optical  terms. 


D.  Trial  5 


Like  Trial  4,  Trial  5  (Figure  15)  was  conducted  with  an  experimental 
particle  material.  The  lidar  and  transmissometer  records  agree  relatively 
well  and  both  indicate  greater  attenuation  at  the  infrared  wavelength, 
although  this  is  not  conclusive  because  of  the  short  time  period  of  the 
event  and  the  separated  optical  paths.  However,  it  is  clearly  evident 
that  this  material  is  also  much  more  reflective  in  the  infrared  than  the 
visible  (Figure  15d).  Integrated  backscatter  is  a  relatively  good  indi¬ 
cator  of  transmission  for  optical  depths  of  less  than  1.5  in  the  visible 
and  infrared  (Figure  15e  and  f ) . 


E.  Trial  6 

* 

The  experimental  particle  material  used  in  Trial  6  (Figure  16) 
produced  relatively  strong  backscatter  and  weak  attenuation  at  both 
visible  and  infrared  wavelengths.  The  integrated  backscatter  is  a  good 
indicator  of  attenuation  at  the  visible  and  infrared  for  the  range  of 
aerosol  densities  observed  (Figure  16e  and  f).  Infrared  backscatter 
does  not  appear  to  be  a  better  estimator  of  visible  transmission  as 
compared  to  visible  backscatter  (Figure  16e  and  g). 


TRANSMISSION 

INTEGRATED  NORMALIZED  (INFRARED)  p*c*m  TRANSMISSION  —  parewn  TRANSM 

BACK  SCATTER  —  km 


F.  Trial  7 


Like  earlier  phoophorus  eventa,  Trial  7  resulted  in  significantly 
greater  attenuation  of  the  visihle  laser  energy  than  the  infrared  laser 
energy  (Figure  17a).  While  substantial  differences  were  obtained  between 
the  lidar  and  transmissometer  records  in  the  visible,  the  data  from  the 
two  instruments  in  the  infrared  are  in  nearly  perfect  agreement.  Because 
of  the  placement  of  the  instruments,  this  again  indicates  large  spatial 
differences  in  cloud  density  in  the  vertical  direction.  As  for  the  other 
phosphorus  events,  the  cloud  backscattered  visible  energy  more  effectively 
than  infrared  energy  (Figure  17d) . 

The  observed  values  of  optical  depth  plotted  against  integrated 
backscatter  presented  in  Figure  17e  show  a  large  amount  of  data  scatter, 
possibly  indicating  variable  particle  sizes  during  the  event.  A  linear 
relationship  between  optical  depth  and  integrated  backscatter  is  apparent 
for  optical  depths  of  less  than  1.0.  For  values  above  1.0,  integrated 
backscatter  actually  decreases  slightly  for  increasing  values  of  optical 
depth.  This  results  because  energy  returned  to  the  lidar  from  the  far 
side  of  the  cloud  is  attenuated  by  the  near-side  cloud  particles  to  such 
an  extent  that  the  far  side  returns  are  below  the  noise  level  of  the 
lidar  receiver.  Therefore,  as  cloud  density  increases  the  path- 
integrated  backscatter  remains  nearly  constant. 

Although  a  significant  amount  of  data  scatter  occurs  in  the  plot 
of  infrared  optical  depth  against  infrared  integrated  backscatter,  a 
relationship  between  these  quantities  is  more  linear  than  in  the  visible. 
This  is  expected  because  of  the  greatly  reduced  attenuation  in  the 
infrared.  Figure  17g  shows  that  the  integrated  backscatter  at  the 
infrared  wavelength  is  a  better  indicator  of  visible  optical  depth  than 
is  the  integrated  backscatter  at  the  visible  wavelength. 


G.  Trial  13 

The  comments  made  about  Trial  7  (Figure  17)  also  pertain  to  the 
Trial  13  (Figure  18)  phosphorus  event.  From  Figure  18  we  concluded 

that:  •'  • '  -i 

(1)  Significantly  greater  attenuation  occurs  at  the  visible 
wavelength  than  at  the  infrared  wavelength. 

(2)  Good  correspondence  between  the  lidar  and  transmissometer 
records  is  obtained  at  the  infrared  wavelength. 

(3)  Significant  differences  occur  between  the  visible  lidar  and 
transmissometer  records. 

(4)  Much  larger  backscatter  occurs  at  the  visible  wavelength. 

(5)  Large  data  scatter  occurs  between  observations  of  optical 
depth  and  integrated  backscatter. 

(6)  Integrated  backscatter  is  Independent  of  optical  depth  at 
large  optical  depths. 

(7)  Integrated  backscatter  at  the  Infrared  is  a  better  indicator 
of  visible  optical  depth  than  integrated  backscatter  at  the 
visible. 
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H.  Trial  17 


Trial  17  was  an  HC  (ZnCZ2  obscurant)  event.  As  for  the  phosphorus 
events,  attenuation  at  the  visible  lidar  wavelength  greatly  exceeds  that 
at  the  infrared  lidar  wavelength  (Figure  19a) .  Excellent  agreement  is 
obtained  between  the  transmission  records  for  the  lidar  and  transmissom- 
eter  for  both  visible  (Figure  19b)  and  infrared  (Figure  19c)  wavelengths. 
In  addition  to  showing  equivalence  of  the  lidar  and  transmissometer  tech¬ 
niques,  these  data  indicate  that  the  HC  cloud  was  spatially  more  uniform 
than  the  phosphorus  clouds.  Like  the  phosphorus  events,  much  greater 
cloud-to-clear-air  backscatter  is  observed  at  a  wavelength  of  0,7  pm  than 
at  10.6  pm.  Integrated  backscatter  is  a  relatively  good  indicator  of 
cloud  attenuation  at  the  visible  wavelength  for  optical  depths  of  less 
than  1.0.  Very  poor  correlation  is  obtained  between  these  quantities  in 
the  infrared  (10.6  pm),  probably  because  only  small  attenuation  and 
backscatter  occurred. 
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I.  Trial  20 

The  wavelength  dependence  of  attenuation  measured  with  the  two- 
wavelength  lidar  system  for  this  phosphorus  event  (Figure  20)  ia  similar 
to  that  observed  for  the  other  phosphorus  events.  However,  in  this  case 
excellent  agreement  is  obtained  between  the  visible  lidar  and  trans- 
missometer  transmission  observations,  as  well  as  for  the  infrared  records. 
This  indicates  that  the  differences  observed  between  the  visible  lidar 
and  visible  transmissometer  during  phosphorus  events  reported  earlier 
were  caused  by  cloud  inhomogeneities  in  the  vertical  rather  than  funda¬ 
mental  differences  in  the  measurement  techniques.  As  for  other  phosphorus 
events,  greater  backscatter  relative  to  clear-air  backscatter  is  observed 
at  the  visible  wavelength,  and  path-integiated  backscatter  at  the  infra¬ 
red  is  a  better  estimator  of  visible  optical  depth  than  is  path-integrated 
backscatter  at  the  visible. 
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J.  Trial  21R 


Trial  21R  was  a  fog  oil  experiment.  While  large  attenuation  was 
observed  by  the  visible  wavelength  lidar,  virtually  no  attenuation  was 
measured  by  the  infrared  wavelength  lidar  (Figure  21a) .  This  is  sub¬ 
stantiated  by  the  visible  and  infrared  transmissometers  (Figure  21b 
and  c).  Although  greater  differences  occur  in  attenuation  at  the  two 
wavelengths  than  for  phosphorus  clouds,  less  difference  is  noted  in 
backscatter  at  the  two  wavelengths.  This  behavior  indicates  that  the 
oil  fog  consisted  of  smaller  particles  with  less  absorption  at  the 
infrared  wavelength.  The  very  large  degree  of  data  scatter  in  the  plot 
of  backscatter  and  optical  depth  values  indicates  a  wide  range  of  particle 
sizes  and  shows  that  Integrated  backscatter  cannot  be  used  as  an  estimate 
of  cloud  attenuation  for  this  type  of  cloud.  The  particle  size  data  of 
University  of  Tennessee  Space  Institute  (UTSI)  indicate  particle  sizes 
similar  to  the  phosphorus  aerosols,  while  the  Dugway  results  indicate 
slightly  larger  particle  3izes. 
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K.  Trial  22 


During  Trial  22  (Figure  22)  the  two-wavelength  lidar  system  made 
observations  of  dust  generated  by  vehicular  activities.  The  data  pre¬ 
sented  in  Figure  22a  show  that  the  dust  attenuates  visible  and  Infrared 
laser  energy  by  equal  amounts  consistent  with  earlier  dust  cloud  observa¬ 
tions  conducted  at  Dugway  Proving  Ground  (Uthe,  1978)  and  White  Sands 
Missile  Range  (van  der  Laan,  1979).  These  earlier  results  were  explained 
on  the  basis  of  large-sized  dust  particles.  The  UTSI  particle  size  data 
(Table  3)  show  that  the  dust  particles  were  larger  than  for  phosphorus, 
experimental,  and  oil  fog  particles  by  at  least  a  factor  of  3.  The 
Dugway  data  indicate  smaller  particle  size  for  dust,  but  this  may  have 
resulted  because  the  dust  particles  were  agglomerates  that  may  have  been 
broken  up  in  the  sampling  tube  (Fanner  et  al. ,  1979). 

The  transmission  records  of  the  infrared  lidar  and  transmissometer 
agree  better  than  the  records  of  the  visible  lidar  and  transmissometer, 
indicating  larger  vertical  gradients  of  dust  concentration  than  in  the 
horizontal  downwind  direction  (see  Figure  8) . 

The  lidar-observed  normalized  backscatter  from  dust  is  about  twice 
as  great  at  0.7  pm  than  at  10.6  pm.  However,  since  backscatter  from 
clear  air  was  not  observed  at  10.6  pm,  the  backscatter-to-clear-air 
ratio  is  at  least  a  factor  of  2  greater  at  the  visible  wavelength. 

This  difference  probably  results  entirely  because  of  the  wavelength 
dependence  of  backscatter  from  the  clear  air. 

Infrared  and  visible  integrated  backscatter  from  the  dust  cloud 
is  a  relatively  good  indicator  of  attenuation  for  optical  depths  of 
less  than  1.5  (transmissions  greater  than  22  percent).  The  amount  of 
data  scatter  in  the  backscatter-to-optical  depth  plots  is  a  little  less 
than  for  the  phosphorus  and  oil  fog  trials  but  significantly  more  than 
for  the  experimental  particle  Trials  A,  5,  and  6. 


L.  Trial  23 


Trial  23  (Figure  23)  was  a  dust  event  generated  by  the  detonation 
of  a  high  explosive  charge  (HE).  As  expected  from  earlier  HE  dust  tests 
conducted  at  Dugway  Proving  Ground  (Uthe,  1978)  and  White  Sands  Missile 
Range  (van  der  Laan,  1979),  the  dust  caused  about  equal  attenuation  of 
the  0.7-ym  and  10.6-ym  wavelength  laser  pulses.  Relatively  good  agree¬ 
ment  is  obtained  between  the  lidar  and  transmis some ter  records  for  both 
the  visible  and  infrared  wavelengths  (Figure  23b  and  23c).  Nearly  equal 
backscatter  from  the  cloud  (normalized  to  clear-air  backscatter)  was 
observed  at  the  two  wavelengths.  Except  for  the  highest  values  of  inte¬ 
grated  backscatter,  this  optical  term  derived  from  the  Ildar  signature 
of  the  cloud  is  a  relatively  good  indicator  of  optical  depth  for  both 
wavelengths.  For  relatively  low  density  dust  clouds,  it  appears  that 
path-integrated  backscatter  at  the  visible  is  a  better  indicator  of 
visible  attenuation  than  is  infrared  path-integrated  backscatter.  This 
was  not  the  case  with  phosphorus  events,  as  infrared  backscatter  appeared 
to  be  a  better  indicator  than  visible  backscatter  of  visible  attenuation. 
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H.  Trial  23R 


The  comments  pertaining  to  Trial  23  hold  true  for  Trial  23R 
(Figure  24)  with  the  exception  that  greater  backscatter  was  observed  at 
the  infrared  lidar  wavelength  as  compared  to  backscatter  observed  at  the 
visible  wavelength.  From  Figure  9,  it  appears  that  the  clear-air  back¬ 
scatter  observed  during  Trial  23R  was  significantly  greater  than  that 
observed  during  Trial  23.  Because  of  the  larger  wavelength  dependence 
of  the  clear-air  backscatter  compared  to  that  of  the  dust  cloud,  larger 
cloud-to-clear-air  returns  are  expected  at  the  infrared  wavelength. 
However,  because  the  infrared  detector  was  not  operating  at  full  sensi¬ 
tivity,  the  clear  air  was  not  observed  on  days  with  relatively  clean  air 
and  the  infrared  dust  cloud  returns  were  normalized  to  the  system  noise 
level.  Therefore,  on  hazy  days  a  larger  normalized  backscatter  resulted. 
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N.  Trial  24 


Trial  24  (Figure  25)  was  a  phosphorus  event.  Like  th»  results  of 
the  phosphorus  events  presented  earlier  in  this  report,  ,'arger  attenua¬ 
tion  is  noted  at  the  visible  wavelength  as  compared  to  Li  at  at  the 
infrared  wavelength.  Again,  as  for  all  other  phosphorus  events  except 
Trial  20,  a  significant  difference  occurs  between  transmission  records 
derived  from  the  Ildar  and  transmissometer  at  the  visible  wavelength, 
while  good  agreement  is  obtained  between  data  from  the  infrared  lidar 
and  transmissometer.  As  before,  this  may  be  explained  by  the  placement 
of  the  instruments  and  large  vertical  gradients  of  cloud  density  for 
phosphorus  events.  As  for  other  phosphorus  events,  infrared  backscatter 
is  a  better  indicator  of  visible  attenuation  than  is  infrared  backscatter 
(Figure  25),  although  large  data  scatter  occurs  for  all  plots  of  optical 
depth  against  Integrated  backscatter. 
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Trial  26 


The  results  for  this  HE  dust  event  (Figure  26)  are  very  similar  to 
those  of  Trial  23R.  The  dust  causes  nearly  equal  attenuation  of  energy 
at  the  visible  and  infrared  lidar  wavelengths  and  the  lidar  and  trans- 
missometer  records  are  in  good  agreement  at  both  wavelengths.  The 
infrared  lidar  produces  a  greater  cloud  backscatter  relative  to  the 
clear  air  backscatter,  and  except  for  the  largest  backscatter  values, 
integrated  backscatter  is  a  relatively  good  indicator  of  attenuation  at 
both  visible  and  infrared  wavelengths. 
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Trial  27 


The  results  of  Trial  27  (Figure  27)  are  nearly  identical  to  the 
results  obtained  for  the  other  vehicular  dust  event  presented  in  this 
report  (Trial  22,  Figure  22),  Excellent  agreement  between  lidar  and 
transmissometer  measured  attenuation  is  obtained  at  both  the  visible 
and  infrared  wavelengths.  However,  in  this  test  infrared  normalized 
backscatter  is  larger  than  visible  normalized  backscatter,  while  for 
Trial  22  the  visible  backscatter  is  larger.  This  is  consistent  with 
the  results  of  HE  dust  tests  conducted  on  15  November  (Trial  23R)  as 
opposed  to  results  obtained  on  earlier  HE  dust  tests  conducted  on 
11  November  (Trial  23)  illustrating  dependence  of  normalized  backscatter 
on  clear-air  density.  Integrated  backscatter  is  a  relatively  good 
indicator  of  attenuation  at  both  infrared  and  visible  wavelengths 
(Figure  27e  and  27f ) ,  as  was  the  case  for  Trial  22. 
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VIII  SIGNATURE  ANALYSIS  INTERPRETATION  AND  IMPLICATIONS 


A.  Attenuation  Estimates  Derived  from  Target  Returns 

Continuous  time  records  of  lidar/target  derived  attenuation  of 
visible  (0.7  yin)  and  infrared  (10.6  ym)  energy  by  Smoke  Week  II  smoke/ 
dust  events  mostly  agree  very  well  with  attenuation  records  derived  by 
independent  transmissometer  measurements  for  paths  that  nearly  coincided 
with  lidar -observed  paths.  Discrepancies  between  visible  lidar  and  trans¬ 
missometer  records  were  noted  for  the  phosphorous  trials  (except  Trial  20) 
and  were  explained  because  the  lidar  and  transmissometer  paths  were 
located  at  different  elevations  (Figure  8)  and  because  of  smoke  cloud 
inhomogeneities  in  the  vertical.  Nevertheless,  the  agreement  obtained  for 
most  observations  firmly  validates  the  lidar/target  method  of  measuring 
cloud  attenuation.  Although  this  method  requires  a  passive  reflector 
at  the  end  of  the  lidar-observed  path,  the  use  of  multiple  reflectors 
would  allow  observations  over  a  variety  of  horizontal  paths  or  for  slant 
paths  if  elevated  targets  were  installed.  For  this  study,  agreement 
between  the  lidar  and  transmissometer  records  Wa3  important  because  the 
lidar  derived  attenuation  data  can  be  used  to  investigate  relationships 
between  cloud  backscatter  and  cloud  optical  density  without  consideration 
of  cloud  inhomogeneities  and  the  spatial  offset  between  the  lidar  and 
transmissometer  paths. 


B .  Attenuation  Estimates  Derived  From  Cloud  Backscatter 


The  major  objective  of  this  study  was  to  determine  the  feasibility 
of  making  attenuation  measurements  for  dense  aerosol  clouds  by  analysis 
of  lidar  backscatter  from  the  cloud.  This  method  would  allow  measure¬ 
ments  along  a  variety  of  nonhorizontal  paths  through  the  cloud  at  dif¬ 
ferent  downwind  distances  from  the  emission  source. 

The  results  presented  in  Section  VII  show  that  data  relating  cloud 
path- integrated  backscatter  and  optical  depth  are  widely  scattered,  but 
that  a  relationship  can  be  obtained  for  most  of  the  Smoke  Week  II  trials. 
However,  at  larger  values  of  optical  depth  the  integrated  backscatter 
normally  becomes  independent  of  optical  depth  because  backscatter  from 
the  far  side  of  the  cloud  is  not  observed  as  it  is  attenuated  by  the 
particles  in  the  near  side  of  the  cloud.  For  several  phosphorus  trials, 
integrated  backscatter  increases  with  increasing  optical  depth  for  small 
optical  depth  values ,  but  then  decreases  with  further  increases  in  optical 
depth.  Therefore,  both  data  scatter  and  non-uniqueness  of  the  optical 
depth  to  backscatter  relationship  must  be  addressed  as  limitations  of 
applying  the  lidar  technique  for  single-ended  measurements  of  cloud 
attenuation.  The  data  scatter  is  probably  the  result  of  changing  particle 
sizes  during  cloud  development ,  while  the  non-unique  relationship  is  a 
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result  of  high  attenuation  and  multiple  scattering  by  the  very  dense 
aerosol  clouds.  Derivation  of  cloud  transmission  from  lidar-observed 
cloud  backscatter  is  presented  below  for  several  Smoke  Week  II  events. 


1.  Trial  27  (Vehicular  Dust) 

•jtf 

Figure  28a  illustrates  a  nonlinear  expression  fitted  to  the  visible 
optical  depth  values  (evaluated  by  the  target  method)  plotted  against 
the  visible  integrated  backscatter  for  the  vehicular  dust  Trial  27 .  This 
expression  and  observed  integrated  backscatter  values  were  used  to  derive 
a  time-dependent  record  of  cloud  attenuation.  Figure  28b  presents  this 
record  overplotted  with  the  visible  attenuation  record  obtained  with  the 
Dugway  transmissometer.  Relatively  good  agreement  is  obtained  between 
transmissometer  and  lidar  backscatter-derived  attenuation  records.  This 
agreement  indicates  that  lidar  can  provide  useful  measurements  of  dust 
cloud  attenuation  using  only  backscatter  from  the  cloud  and  predetermined 
optical  depth-to-integrated-backscatter  relation.  Alternatively,  a 
scanning  lidar  could  periodically  observe  a  passive  reflector  to  obtain 
data  on  the  appropriate  optical  depth-to-integrated-backscatter  expression. 

Figure  28c  presents  a  plot  of  the  transmissions  derived  from  cloud 
backscatter  plotted  against  transmissions  derived  from  the  target  returns 
only.  The  best-fit  linear  relation  between  these  quantities  is  also 
plotted  on  Figure  28c.  The  slight  deviation  from  a  45°  relation  indicates 
that  an  improved  expression  may  be  fitted  to  the  optical  depth-to-integrated- 
backscatter  data  presented  in  Figure  28a.  The  squared  linear  correlation 
coefficient  (R^)  of  0.80  (80  percent  of  total  variance  explained)  is 
obtained  by  the  fit  shown  in  Figure  28c.  This  linear  expression  could  be 
used  to  adjust  the  backscatter  derived  transmissions  for  more  perfect 
agreement  with  the  target  return  values.  Figure  28d  presents  a  plot  of 
the  time  record  of  visible  transmissions  derived  from  the  cloud  backscatter 
in  the  manner  described  above  overplotted  with  the  transmission  record 
derived  from  the  target  returns.  The  data  scatter  from  the  nonlinear 
expression  shown  in  Figure  28a  introduces  relatively  minor  differences  in 
the  transmission  record  shown  in  Figure  28d. 

Figure  29a  presents  a  nonlinear  expression  fitted  to  infrared  optical 
depth  from  target  returns  plotted  against  path- integrated  backscatter  from 
Trial  27  dust  cloud  returns.  Figure  29b  presents  the  resulting  transmis¬ 
sion  record  derived  from  the  infrared  backscatter  values  compared  with  the 
Dugway  infrared  transmission  record.  As  with  the  visible  lidar,  the  infra¬ 
red  lidar  appears  to  be  suitable  for  making  single-ended  measurements  of 
dust  cloud  transmissions  providing  that  the  nonlinear  expression  shown  in 


Best  fits  were  found  using  the  IMSL  (International  Mathematical  and  Sta¬ 
tistical  Libraries,  Inc.,  Houston,  Texas)  Library  FORTRAN  routine  ZXSSQ, 
which  is  a  finite  difference  Levenberg-Marquardt  scheme  for  estimating 
nonlinear  parameters. 
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FIGURE  28  DERIVATION  OF  AN  EXPRESSION  BETWEEN  VISIBLE  OPTICAL  DEPTH 
AND  INTEGRATED  BACKSCATTER,  AND  COMPARISON 
OF  TRANSMISSION  RECORD  DERIVED  FROM  BACKSCATTER  DATA 
WITH  TRANSMISSOMETER  AND  LIDAR  TARGET  TRANSMISSIONS 
FOR  TRIAL  27  OF  SMOKE  WEEK  II  (VEHICULAR  DUST) 
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Figure  29a  is  valid  for  subsequent  observations.  The  plot  of  backscatter- 
derived  transmissions  against  target-derived  transmissions  shown  in  Figure 
29c  indicates  that  the  nonlinear  expression  shown  in  Figure  29a  is  nearly 
optimal  for  estimating  cloud  transmission  from  cloud  backscatter.  A  plot 
of  lidar  target-derived  and  lidar  bat kscatter-derived  transmissions  records 
is  shown  in  Figure  29d. 


2 .  Trial  24  (Phosphorous) 

Figures  25e  and  25f  (Section  VII)  show  that  for  the  Trial  24 
phosphorous  event  the  cloud  visible  optical  depth  is  better  estimated 
from  the  infrared-integrated  backscatter  than  from  the  visible-integrated 
backscatter.  Figure  30a  illustrates  a  nonlinear  expression  for  evaluating 
visible  optical  depth  from  infrared  integrated  backscatter  and  Figure  30b 
illustrates  a  nonlinear  expression  for  evaluating  infrared  optical  depth 
from  the  infrared  integrated  backscatter. 

Figure  30c  presents  a  visible  transmission  record  evaluated  using 

the  observed  infrared  backscatter  values  and  the  nonlinear  expression 

shown  in  Figure  30a.  Also  shown  in  Figure  30c  is  the  tranmission  record 

determined  from  the  target  returns.  The  infrared  transmission  record 

evaluated  from  the  observed  infrared  backscatter  and  the  expression  shown 

in  Figure  30b  are  presented  in  Figure  30d.  Relatively  good  correspondence 

is  obtained  for  both  wavelengths,  indicating  that  useful  estimates  of 

visible  and  infrared  transmissions  for  phosphorous  clouds  can  be  evaluated 

from  infrared  cloud  backscatter,  providing  the  expressions  shown  in 

Figures  30a  and  30b  remain  valid  for  other  phosphorous  clouds. 

* 

Comparisons  of  backscatter-derived  transmission  records  with  Dugway 
transmissoraeter  records  are  shown  in  Figures  30e  and  30f.  The  relatively 
large  differences  between  the  lidar  and  transmissometer  records  for  the 
visible  wavelength  was  expected,  since  the  target  return  values  also 
deviated  from  the  Dugway  results  (Figure  25b) ,  possibly  because  these 
instruments  observed  different  elevations  through  the  phosphorous  cloud. 
Nevertheless,  the  results  presented  in  Figure  30  show  that  the  lidar 
backscatter  method  can  provide  useful  optical-density  evaluations  for 
paths  that  cannot  easily  be  observed  wtih  transmissometers ,  e.g.,  slant 
paths  through  the  cloud. 


3.  Trial  4  (Experimental  Particles) 

As  a  final  example  of  deriving  cloud  transmission  estimates  from 
cloud  backscatter,  the  technique  was  applied  to  data  collected  during 
Trial  4  (experimental  particle  cloud) .  These  results  are  shown  in 
Figure  31.  Figure  31a  presents  a  nonlinear  fit  of  visible  optical  depth 
evaluated  from  target  returns  as  a  function  of  visible  integrated 
backscatter  from  the  experimental  particle  cloud.  Figure  31b  presents  a 
transmission  record  derived  from  visible  cloud  backscatter  plotted  with 
the  Dugway  transmissometer  record.  A  plot  of  visible  optical  depth 
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FIGURE  30  DERIVATIONS  OF  OPTICAL  DEPTH- INTEGRATED  BACKSCATTER  EXPRESSIONS 
AND  COMPARISONS  OF  DERIVED  TRANSMISSIONS 

Expressions  derived  ere  (a)  between  visible  optical  depth  and  Intrarad  integrated  backscatter 
and  (bl  between  infrared  optical  depth  and  infrared  integrated  backscatter.  Comparison! 
of  backscatter-derlved  tranimluloni  and  thoM  derived  from  Ildar  target  and  trammiiiometer 
records  are  show*  In  (cl  through  (f). 
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FIGURE  31  EXPRESSIONS  RELATING  OPTICAL  DEPTH  TO  PATH-INTEGRATED  BACKSCATTER  FOR  SMOKE  WEEK  II. 
TRIAL  4  (EXPERIMENTAL  PARTICLESI  AND  RESULTING  TRANSMISSION  EVALUATIONS  COMPARED 
WITH  TRANSMISSOMETER  RECORDS 


against  infrared  integrated  backscatter  (Figure  31c)  indicates  that 
visible  transmission  can  also  be  obtained  from  the  infrared  lidar  back¬ 
scatter  signature.  This  is  illustrated  in  Figure  31d,  which  presents 
the  derived  visible  transmission  record  compared  with  the  Dugway  visible 
transmissometer  record.  Finally,  the  derivation  of  an  infrared  trans¬ 
mission  record  from  the  infrared  cloud  backscatter  is  shown  in  Figures  31e 
and  31f.  Relatively  good  agreement  is  obtained  between  lidar  and  trans¬ 
missometer  attenuation  records  for  all  three  cases  shown  in  Figure  31. 


C.  Wavelength  Dependence  of  Attenuation  and  Backscatter 

Table  4  summarizes  several  features  of  the  two-wavelength  lidar 
observations  of  phosphorus,  HC,  experimental,  oil  fog,  and  dust  clouds. 
Very  large  visible  attenuation  was  observed  for  the  phosphorus,  HC,  ana 
oil  fog  clouds.  With  the  exception  of  Trial  23,  the  HE  dust  clouds  also 
resulted  in  large  attenuation  of  visible  radiation.  Experimental  particle 
and  vehicular  dust  clouds  caused  substantially  less  attenuation  of  visible 
radiation.  The  most  dramatic  difference  between  visible  and  infrared 
attenuation  was  observed  for  oil  fog  (Trial  21R)  and  HC  (Trial  17)  with 
high  attenuation  in  the  visible  and  virtually  none  in  the  infrared. 
Attenuation  of  the  infrared  energy  is  substantially  less  than  attenua¬ 
tion  of  visible  energy  for  phosphorous  clouds,  while  attenuation  at  the 
two  wavelengths  is  about  equal  for  dust  clouds  and  experimental  particle 
Trials  5  and  6.  Visible  attenuation  was  greater  than  infrared  attenuation 
for  experimental  particle  Trial  4. 

'  Visible  backscatter  was  much  greater  than  infrared  backscatter  for 
phosphorus  and  HC  clouds,  while  remaining  about  equal  for  dust  clouds. 

It  is  interesting  that  infrared  backscatter  is  much  greater  than  visible 
backscatter  for  experimental  Trial  4  while  attenuation  is  much  greater 
at  the  visible  wavelength.  Backscatter  at  the  infrared  also  greatly 
exceeds  that  at  the  visible  wavelength  for  experimental  Trial  5. 

The  largest  data  scatter  was  obtained  for  the  oil  fog  cloud,  with 
lesser  scatter  for  the  phosphorus  and  HC  clouds  followed  by  the  dust 
clouds  and  finally  very  little  scatter  for  the  experimental  clouds. 

Optical  depth  related  to  path-integrated  backscatter  in  the  visible  was 
strongly  nonlinear  for  phosphorus  and  HC  clouds  and  became  more  linear 
for  the  dust  and  experimental  particle  clouds.  Therefore,  the  backscatter 
technique  for  estimating  cloud  attenuation  is  best  applied  to  the  dust 
and  experimental  particle  clouds  because  of  the  lesser  data  scatter  and 
more  linear  relation  between  optical  depth  and  path- integrated 
backscatter. 
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IX  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  Conclusions 


The  major  conclusions  of  this  study  are: 

(1)  Multiple-wavelength  lidar  systems  can  provide  unique  informa¬ 
tion  on  the  space  and  time  variability  of  cloud  particle  dis¬ 
tributions  and  on  cloud  optical  properties. 

(2)  Lidar  provides  a  means  to  readily  determine  the  presence  of 
interfering  dust  during  obscurant  tests. 

(3)  Measurements  of  cloud  attenuation  derived  from  the  lidar/ 
target  method  were  in  excellent  agreement  with  measurements 
made  by  conventional  two-ended  transmissometers  for  dust  and 
experimental  particle  clouds.  This  held  true  for  both  visible 
and  Infrared  wavelengths. 

(4)  Cloud  inhomogeneities  in  the  vertical  for  phosphorus  and  HC 
clouds  may  have  been  the  cause  of  discrepancies  between  the 
lidar  and  transmlssometer  records  for  this  type  of  smoke,  since 
the  optical  Instruments  were  located  at  different  elevations. 
However,  good  correspondence  between  the  techniques  was  obtained 
on  one  phosphorus  event  (Trial  20) . 

(5)  Observed  data  relating  path-integrated  backscatter  and  optical 
depth  show  a  large  degree  of  data  scatter  with  the  greatest 
scatter  for  oil  fog,  less  scatter  for  observations  of  HC  and 
phosphorus  smokes,  followed  by  dust  clouds  and  little  scatter 
for  experimental  particle  clouds. 

(6)  Observed  data  relating  path-integrated  backscatter  and  optical 
depth  shows  a  nonlinear  relation  with  the  greatest  nonlinearity 
for  HC  and  phosphorus  smokes  and  a  more  linear  relationship  for 
dust  and  experimental  particle  clouds. 

(7)  Path-integrated  cloud  backscatter  values  used  with  a  nonlinear 
expression  fitted  to  cloud  optical  depth  data  (evaluated  from 
lidar  target  returns)  as  a  function  of  integrated  backscatter 
can  provide  useful  estimates  of  cloud  attenuation.  This 
suggests  a  technique  for  making  transmission  measurements  over 
vertical  and  slant  paths  through  the  cloud.  As  a  result  of 
Conclusions  4  and  5  above,  the  lidar  backscatter  technique  for 
estimating  cloud  attenuation  is  better  suited  for  dust  and 
experimental  particle  clouds  than  for  oil  fog,  phosphorus  and 
HC  clouds. 

(8)  Infrared  path- integrated  backscatter  is  a  better  estimator  of 
visible  transmission  through  denBe  phosphorus  clouds  than  1b 
visible  path-integrated  backscatter. 
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(9)  Attenuation  and  backscatter  were  greater  at  the  visible  wave¬ 
length  (0.7  ym)  than  at  the  infrared  (10.6  yin)  wavelength  for 
HC  and  phosphorus  smokes.  For  oil  fog,  attenuation  was  much 
greater  at  visible  wavelengths  while  backscatter  was  nearly 
equal  at  the  two  wavelengths.  Attenuation  and  backscatter  were 
nearly  equal  at  the  visible  and  infrared  wavelengths  for  dust 
clouds,  while  for  experimental  particle  clouds  attenuation  was 
nearly  equal  but  backscatter  was  greater  at  the  infrared  wave¬ 
length. 


B.  Recomnendat  Ions 


Based  on  the  results  of  this  study,  we  feel  that  the  lidar  backscatter 
technique  should  be  further  investigated  as  a  means  of  evaluating  optical 
and  physical  density  of  dense  aerosol  clouds.  Specific  recommendations 
are  listed  below. 

(1)  An  experiment  should  be  designed  and  conducted  to  validate  the 
backscatter  technique  of  estimating  attenuation  of  energy 
propagated  along  slant  paths  through  dense  aerosol  clouds. 

At  least  two  paths  through  the  cloud  should  be  observed  with 
the  lidar.  One  path  could  be  terminated  with  a  passive  reflector 
to  provide  data  on  the  optical  depth-to-integrated-backscatter 
relation  and  the  other  path  could  be  nearly  aligned  with  a 
transmissometer  system  to  provide  a  check  on  backseat ter- 
derived  transmissions. 

(2)  Dense  aerosol  clouds  generated  during  future  optical  propagation 
experiments  should  be  well  characterized  in  terms  of  particle 
composition,  size,  and  shape  distributions  as  well  as  particle 
concentrations.  This  information  is  needed  to  explain  observed 
wavelength  dependence  of  attenuation  and  backscatter. 

(3)  Additional  laser  wavelengths  should  be  considered.  Longer  wave¬ 
length  systems  (>15  ym)  would  result  in  less  attenuation  by  the 
scattering  particles  and  therefore  a  more  linear  relation  between 
cloud  optical  depth  and  integrated  backscatter  may  result  as 

the  laser  energy  would  penetrate  deeper  Into  the  cloud.  Studies 
have  shown  that  an  optimum  wavelength  may  exist  for  relating 
cloud  attenuation  and  backscatter  to  cloud  density  independent 
of  particle  size  (Pinnick  and  Jennings,  1980;  Uthe,  1980).  A 
wavelength  region  may  exist  that  would  be  optimum  for  reducing 
the  data  scatter  in  plotB  of  optical  depth  against  integrated 
backscatter.  This  should  be  further  explored  both  theoretically 
and  experimentally. 

(4)  Development  of  an  eye-safe  multiple-wavelength  lidar  would 
facilitate  the  observation  of  dense  aerosol  clouds  over  battle¬ 
field  maneuvers.  The  lidar  could  evaluate  cloud  distribution 
and  optical  properties  over  critical  paths  for  evaluation  of 
cloud  effects  on  weapon  systems.  Recent  advances  in  generation 
of  from  1-  to  16-pm  wavelength  laser  radiation  should  be  con¬ 
sidered  for  this  application, 
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(5)  Finally,  a  repeat  of  this  study  but  with  coaligned  lidar  and 
transmissometer  paths  is  suggested  in  order  to  eliminate  the 
uncertainties  of  this  study  that  we  feel  were  introduced  by 
separated  lidar  and  transmissometer  paths.  Moreover,  the 
nonlinear  expressions  derived  on  this  study  could  be  used  to 
derive  cloud  transmission  estimates  from  observed  cloud  back- 
scatter  and  these  estimates  could  be  related  to  transmissometer 
records.  Such  an  experiment  should  firmly  establish  the 
generality  of  the  lidar  backscatter  technique  for  a  wide  range 
of  aerosol  types. 
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